We report the first evidence for high-mass star formation triggered by collisions of molecular clouds in M33. Using the Atacama Large Millimeter/submillimeter Array, we spatially resolved filamentary structures of giant molecular cloud 37 in M33 using 12 CO(J = 2-1), 13 CO(J = 2-1), and C 18 O(J = 2-1) line emission at a spatial resolution of ∼ 2 pc. There are two individual molecular clouds with a systematic velocity difference of ∼ 6 km s −1 . Three continuum sources representing up to ∼ 10 high-mass stars with the spectral types of B0V-O7.5V are embedded within the densest parts of molecular clouds bright in the C 18 O(J = 2-1) line emission. The two molecular clouds show a complementary spatial distribution with a spatial displacement of ∼ 3.5 pc, and show a V-shaped structure in the position-velocity diagram. These observational features traced by CO and its isotopes are consistent with those in high-mass star-forming regions created by cloud-cloud collisions in the Galactic and Magellanic Cloud H regions. Our new finding in M33 indicates that the cloud-cloud collision is a promising process to trigger high-mass star formation in the Local Group.
Introduction
It is a long-standing question how high-mass stars are formed in galaxies. Three different hypothesis are thought to be mechanisms of the high-mass star formation: the monolithic collapse, competitive accretion, and the stellar mergers (e.g., Zinnecker, & Yorke 2007 and references therein) . However, these theoretical models have remained controversial due to lacking conclusive observational evidence.
Recently, an alternative idea of high-mass star formation triggered by "cloud-cloud collisions" has received much attention since the discovery of 50 or more pieces of observational evidence (e.g., Y. Fukui et al. 2019 in preparation and references therein). The colliding clouds have a supersonic velocity difference with an intermediate velocity component-bridging feature-created by the collisional deceleration. The complementary spatial distribution of two clouds is one of the important signatures of collisions because one of the colliding clouds can create a hollowed-out structure in the other cloud. Furthermore, a V-shaped structure can be seen in the position-velocity diagram due to the deceleration and hollowed-out structure. Theoretical studies also support these observational signatures, and predict that cloud-cloud collision increases the effective Jeans mass so high-mass stars can form the high-mass stars in the shock-compressed layer (e.g., Habe & Ohta 1992; Anathpindika 2010; Inoue & Fukui 2013; Takahira et al. 2014; Shima et al. 2018; Inoue et al. 2018) .
Investigating the universality of the cloud-cloud collision scenario, we need further observational examples under various environments and their scales. In the individual Galactic star-forming regions such as Orion and Vela, the high-mass star formation can be understood by at least five cloud-cloud collisions on ∼1-100 pc scales (Fukui et al. 2016 Tsutsumi et al. 2017; Sano et al. 2018; Hayashi et al. 2018; Enokiya et al. 2018) . It is remarkable that collisions of molecular clouds are seen not only in our Milky Way, but also in the Magellanic Clouds (e.g., Fukui et al. 2015; Saigo et al. 2017) . Furthermore, the tidally driven galactic-scale (a few kpc scales!) collisions of H clouds are found in the Magellanic and M31-M33 systems (Fukui et al. 2017 (Fukui et al. , 2018b Tsuge et al. 2019; Tachihara et al. 2018; Tokuda et al. 2018a) . We can therefore reveal sites of cloud-cloud collisions even in external galaxies if the spatial resolution of CO/H data is high enough (e.g., a few pc scales).
Here, we report the first evidence for the high-mass star formation triggered by collisions of molecular clouds in M33. Sections 2 and 3 describe observations and data reduction of the ALMA CO and continuum datasets and their results. Section 4.1 gives properties of high-mass stars in the region; Section 4.2 presents a possible scenario of cloud-cloud collision as the formation mechanism of high-mass stars. A summary and conclusions are provided in Section 5.
Observations and Data Reduction
We carried out ALMA Band 6 (211-275 GHz) observations toward M33GMC 37 in Cycle 6 as part of the CO survey toward the SNRs in M33 (PI: H. Sano, #2018.1.00378.S). We used the single-pointing observation mode with 45-49 antennas of the 12-m arrays. The center position of the pointing is (α J2000 , δ J2000 ) ∼ (01 h 33 m 35. s 9, 30 • 36 ′ 27. ′′ 5). There were two spectral windows including the 12 CO(J = 2-1), 13 CO(J = 2-1), and C 18 O(J = 2-1) line emission with a bandwidth of 117.19 MHz. The frequency resolution was 70.6 kHz for 12 CO(J = 2-1) and 141.1 kHz for 13 CO(J = 2-1) and C 18 O(J = 2-1). We also observed two spectral windows as continuum bands, of which frequency ranges are 231.0-233.0 GHz and 216.3-218.2 GHz. Although these continuum bands contain line emission of H(30α) and SiO(J = 5-4), we could not detect the two lines significantly.
The data reduction was performed using the Common Astronomy Software Application (CASA; McMullin et al. 2007 ) package version 5.5.0. We used the "multiscale CLEAN" algorithm implemented in the CASA package (Cornwell 2008) . The synthesized beam of final dataset is 0. ′′ 59 × 0. ′′ 42 with a position angle (P.A.) of 0.
• 4 for 12 CO(J = 2-1), 0. ′′ 62 × 0. ′′ 44 with a P.A. of 0.
• 1 for 13 CO(J = 2-1), 0. ′′ 63 × 0. ′′ 44 with a P.A. of 1.
• 1 for C 18 O(J = 2-1), and 0. ′′ 59 × 0. ′′ 43 with a P.A. of −1.
• 4 for the 1.3 mm continuum. The typical spatial resolution is ∼ 2 pc at the distance of M33 (817 ± 59 kpc, Freedman et al. 2001) . The typical noise fluctuations of the line emission and continuum are ∼ 0.15 K at the velocity resolution of 1 km s −1 and 0.017 mJy beam −1 , respectively. To estimate the missing flux density, we used the 12 CO(J = 2-1) dataset obtained with the IRAM 30-m radio telescope (Gratier et al. 2010; Druard et al. 2014) . Following the methods of Druard et al. (2014) , we applied a forward efficiency of 0.92 and a main beam efficiency of 0.56 to convert the main beam temperature scale. We compared the integrated intensities of IRAM and ALMA CO data that are smoothed to match the FWHM resolution of 12". As a result, We found no significant difference within the error margin, and hence the missing flux density is considered to be negligible. Figure 1a shows an optical composite image of M33 obtained with the VLT Survey Telescope (VST). The ALMA FoV includes several H regions located in a spiral arm near the galactic center. Figure 1b shows a large-scale map of ALMA 12 CO(J = 2-1) superposed on Hα contours. A giant molecular cloud (GMC)-M33GMC 37-is mainly located on the western-half of the ALMA FoV with filamentary structures. Some of CO filaments are likely associated with M33SNR 35, which will be described in a forthcoming paper (H. Sano et al. in preparation) . We also note that a bright Hα source with two local peaks at the positions of (α J2000 , δ J2000 ) To derive the mass of GMC, we used the following equations:
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where m H is the mass of hydrogen, µ is the mean molecular weight of ∼ 2.74, D is the distance to M33 in units of cm, Ω is the solid angle of each data pixel, N i (H 2 ) is the column density of molecular hydrogen for each data pixel i in units of cm −2 , X is the CO-to-H 2 conversion factor in units of (K km s −1 ) −1 cm −2 , and W(CO 10 ) is integrated intensity of 12 CO(J = 1-0) line emission. In the present study, we adopt D = 2.5 × 10 24 cm, corresponding to the distance of 817 kpc (Freedman et al. 2001) . Following the previous study by Gratier et al. (2012) , we used X = 4.0 × 10 20 (K km s −1 ) −1 cm −2 . We also derived a typical intensity ratio of 12 CO(J = 2-1) / 12 CO(J = 1-0) ∼ 0.7 toward M33GMC 37 through the comparison with an archival 12 CO(J = 1-0) cube data obtained with the Nobeyama
Radio Observatory 45-m telescope (Tosaki et al. 2011) . Finally, the derived size and mass of the GMCs are ∼ 60 pc and ∼ 5 × 10 5 M ⊙ , respectively. These values are roughly consistent with the previous study by Miura et al. (2012) using the Atacama Submillimeter Telescope Experiment: size of 63 × 54 pc and virial mass of (6.7 ± 4.8) × 10 5 M ⊙ . Figure 2a shows an enlarged view of M33GMC 37. The 12 CO(J = 2-1) clouds (red color) are detected as diffuse emission with a ring-like structure in southwest, while the 13 CO(J = 2-1) clouds (green color) are concentrated in the central region of GMC where the 12 CO(J = 2-1) clouds are also bright. There are three bright sources in 1.3 mm continuum-GMC37-MMSs 1-3 (hereafter refer to as MMSs 1-3)-, which are detected at a 5σ level or higher. The basic physical properties of three continuum sources are listed in Table 1 . The peak brightness temperatures of the three sources are comparable, but the spatial extent of MMS 2 is twice as large than that of MMSs 1 and 3.
It is possible that these radio continuum sources are physically related to the Hα emission. In particular, two of them (MMSs 2 and 3) are located in the vicinity of the two Hα peaks associated with the brightest CO cloud, indicating that the exciting stars of MMSs 2-3 and Hα peaks are the same. These regions are also bright in the Spitzer 24 µm image (Verley et al. 2007 ).
The typical CO spectra of positions A and B vicinity of MMSs 2-3 are also shown in Figures 2b and 2c. We find double-peak profiles in both the 12 CO(J = 2-1) and red clouds. The blue cloud is elongated in the northwestern direction, while the red cloud is stretched in the southwestern direction. Both clouds have filamentary CO structures. The typical width and length of filaments are ∼ 3 pc and ∼ 10 pc, respectively. The total mass is estimated to be ∼ 2.4 × 10 5 M ⊙ for the blue cloud and ∼ 1.9 × 10 5 M ⊙ for the red cloud using equations (1) and (2). Note that the continuum peaks are likely associated not only with the brightest peak of blue cloud, but also with that of red cloud. The peak column density of molecular hydrogen is ∼ 4.5 × 10 22 cm −2 for the blue-cloud, and ∼ 4.1 × 10 22 cm −2 for the red-cloud. We also find a small hole-like structure in the blue cloud centered at (α J2000 , δ J2000 ) ∼ (01 h 35 m 35. s 28, 30 • 36 ′ 27. ′′ 1). Note that the peak positions of Hα and radio continuum are placed on the edge of the hole-like structure, not on the center of it. Figure 4 shows the position-velocity diagram of 12 CO(J = 2-1). The integration range in Right Ascension is from 01 h 33 m 35. s 243 to 01 h 33 m 35. s 341, corresponding to the spatial extent of the small hole-like structure appeared in the blue cloud (see also Figure 3a ). The blue cloud is clearly seen whose radial velocity is centered at V LSR ∼ −137 km s −1 . We find a V-shaped structure in the position-velocity diagram (see dashed black lines in Figure 4 ). The center velocity of red cloud (V LSR ∼ −132 km s −1 ) is corresponding to the vertex of the V-shaped structure. The cavity-like structure and intensity peak of 12 CO(J = 2-1) 
Discussion

Presence of high-mass stars and their spectral types
Although there is no previous study of the stars embedded within the H region in M33, detection of bright Hα emission, 1.3 mm continuum sources MMSs 1-3, and 24 µm emission indicates several high-mass stars are associated with the two molecular clouds. To confirm the presence of high-mass stars, we compared them with archival optical datasets obtained with the Hubble Space Telescope (HST). Figure 5 shows the high-spatial resolution optical images obtained with the HST WFPC2 and WFC3 detectors. We can clearly see ∼ 10 high-mass stars bright in the U-band, Hα, and IR-band within the Kitt Peak National Observatory (KPNO) Hα contours. Hereafter, we assume that ten high-mass stars are associated with the Hα, 1.3 mm continuum sources, and 24 µm emission. According to Verley et al. (2007) , the luminosity of the 24 µm emission is ∼ 1.7 × 10 38 erg s −1 and that of the Hα emission is ∼ 4.6×10 37 erg s −1 using the Spitzer MIPS and KPNO Hα datasets. To estimate the spectral types of highmass stars, we used two different methods. One estimates the total infrared luminosity L(TIR) using the measured 24 µm luminosity L(24 µm) and the following equation (Verley et al. 2007) :
The total infrared luminosity of the high-mass stars is estimated to be ∼ 1.4 × 10 39 erg s −1 , which corresponds to ten O7.5V stars (Martins et al. 2005) , assuming that the ten high-mass stars have the same spectral types. The other method is utilized Lyman continuum luminosities N Lyman (in units of photons) that are derived from extinction corrected Hα luminosities L Hα (in units of erg s −1 ) using the following equation (Mayya & Prabhu 1996) :
We then obtain N Lyman = 1.1 × 10 49 photons, corresponding to ten B0V stars (Martins et al. 2005) . To summaries, the spectral types of high-mass stars embedded within M33GMC 37 are estimated to be B0V-O7.5V assuming that there are ten high-mass stars with the same spectral types. Further detailed photometric and spectroscopic observations are needed to clarify the number of high-mass stars and their spectral types.
High-mass Star Formation Triggered by Cloud-Cloud Collisions in M33GMC 37
In the present study, we spatially resolved filamentary CO structures of M33GMC 37 using ALMA with spatial resolution of ∼ 2 pc (∆θ ∼ 0.5"). There are two individual molecular clouds-red and blue clouds-with a velocity separation of ∼ 6 km s −1 and the mass of ∼ 2 × 10 5 M ⊙ for each. The densest part of the GMC is significantly detected in C 18 O(J = 2-1), containing up to ∼ 10 high-mass stars with the spectral types of B0V-O7.5V. To form high-mass stars via cloud-cloud collisions, a supersonic velocity separation of two colliding clouds is essential. According to magnetohydrodynamical numerical simulations, the effective Jeans mass in the shockcompressed layer is proportional to the third power of the effective sound speed (Inoue & Fukui 2013) . Here, the effective sound speed is defined as < c 2 s + c 2 A + ∆v 2 > 0.5 , where c s is the sound speed, c A is the Alfven speed, and ∆v is the velocity dispersion. A supersonic velocity separation of at least a few km s −1 therefore produces a large mass accretion rate on the order of ∼ 10 −4 -10 −3 M ⊙ yr −1 , which allows mass growth of stars against the stellar feedback (Inoue & Fukui 2013) . For the case of M33GMC 37, the observed velocity separation of red and blue clouds is ∼ 6 km s −1 (see CO spectra in Figure 2b) . Although the velocity separation will be changed due to the projection effect, this is roughly consistent with the typical velocity separation in the Galactic high-mass star forming regions triggered by cloud-cloud collisions: e.g., M20 (∼ 7.5 km s −1 , Torii et al. 2011) , RCW 36 (∼ 5 km s −1 , Sano et al. 2018) , M42 (∼ 7 km s −1 , Fukui et al. 2018a) , and RCW 166 (∼ 5 km s −1 , Ohama et al. 2018) .
Another important signature of a collision is complementary spatial distribution of colliding clouds. In general, colliding clouds are not the same size, such as simulated by Habe & Ohta (1992) and Anathpindika (2010) . In fact, observational results indicate that colliding clouds have different sizes, morphologies, and density distributions (e.g., Hasegawa et al. 1994; Furukawa et al. 2009; Fukui et al. 2014 Fukui et al. , 2018a Fukui et al. , 2018c Enokiya et al. 2018 , Dewangan et al. 2019a . In such cases, one of the colliding clouds can create a hole-like structure in the other cloud, if the colliding cloud has a denser part and/or smaller size than the other cloud. This produces the complementary spatial distribution of two clouds with different systematic velocity. Furthermore, the angle of two colliding clouds θ is generally not 0 degrees or 90 degrees relative to the line-of-sight. It means that we can also observe a spatial displacement between the complementary distributions of two clouds.
In M33GMC 37, we find complementary spatial distributions of red and blue clouds with a spatial displacement. Figure 6 shows the map of blue cloud superposed on the red cloud contours with the spatial displacement of ∼ 3.5 pc toward the direction of southeast, following the method of Fukui et al. (2018a) . The brightest peak of the red cloud is fits within the hole-like structure of the blue cloud. The second and third minor peaks of the red cloud also show good complementary distributions with the blue cloud. Note that the 1.3 mm continuum sources MMSs 1-3 are also located as the edges of both the blue and red clouds, suggesting that the high-mass stars were possibly formed by strong gas compression / accretion via the cloud-cloud collision. We also estimate the collision time scale to be ∼ 0.5 Myr assuming the collision angle θ = 45 degree. It is consistent with the presence of dense molecular clouds surrounding the high-mass stars and small H regions with a few pc extent in Hα emission because of young age of high-mass stars (see Figures 1b  and 3 ).
We next focus on the velocity structures of colliding two clouds. Previous numerical simulations and observational results demonstrated that colliding clouds create an intermediate velocity component-bridging featureconnecting two clouds due to the deceleration by collisions, if the projected velocity separation is significantly larger than the linewidth of colliding clouds (see Fukui et al. 2018a and references therein) . When the two colliding clouds have roughly the same column density of gas, the two clouds will be merged and appears as a single peak CO profile centered at the mean velocity of the two colliding clouds (e.g., Fukui et al. 2017 ). In the case of M33GMC 37, the V LSR ∼ −135 km s −1 feature in the 13 CO spectrum at the position A is possibly a bridging feature (see Figure 2b ), but is not significantly detected because of the small velocity separation of the two colliding clouds. However, CO spectra in the position B-the densest part of the colliding clouds-show the single peak CO profiles centered at V LSR ∼ −133.5 km s −1 , roughly corresponding to the mean velocity of the red and blue clouds (see also Figure 2c ). It is consistent that the two clouds have roughly the same column density of ∼ 4-5 × 10 22 cm 2 , assuming the cloud-cloud collision has occurred.
The V-shaped structure in the position-velocity diagram as shown in Figure 4 provides us with suggestive ev-idence for the cloud-cloud collision. As discussed above, an intensity depression or a hole-like structure might indicate the spot of collision between two clouds. If we make a position-velocity diagram that includes the collision region, we can find not only the bridging feature but also the V-shaped structure in the position-velocity diagram (e.g., Fukui et al. 2018a Fukui et al. , 2018d Hayashi et al. 2018; Torii et al. , 2018b Fujita et al. 2019b) . For M33GMC 37, we can clearly see the V-shaped structure connecting the red and blue clouds as the intermediate velocity component that is called the bridging feature. Moreover, the presence of an intensity peak and depression in the V-shaped structure is predicted by the synthetic observations of a theoretical result of cloud-cloud collisions (e.g., Fukui et al. 2018d ).
We also note that the number of high-mass stars ( < ∼ 10) in M33GMC 37 is consistent with previous observational studies of cloud-cloud collisions. According to , the formation of super star clusters containing more than ten O-type stars requires collisions of two dense clouds, one of which has a high column density of at least ∼ 10 23 cm −2 (e.g., RCW 38, Fukui et al. 2016; NGC 3603, Fukui et al. 2014; Westerlund 2, Furukawa et al. 2009 ). On the other hand, the formation of single or a few Otype stars happens in a collision between molecular clouds with low column density of several 10 22 cm −2 or less (e.g., RCW 120, Torii et al. 2015; NGC 2359 S44, Kohno et al. 2018b; N4, Fujita et al. 2019a , more detailed results are summarized in R. Enokiya et al. submitted) . For M33GMC 37, the two colliding clouds have a low column density of ∼ 4-5 × 10 22 cm −2 . Therefore, cloud-cloud collisions in M33GMC 37 can create ∼10 high-mass stars at most. This is consistent with ∼10 stars that are detected by HST optical images within the KPNO Hα boundary (see Figure 5 ).
To summarize, the red and blue clouds in M33GMC 37 fulfill four requirements of high-mass star formation triggered by cloud-cloud collisions as follows: (1) a super sonic velocity separation of two clouds, (2) complementary spatial distribution with a displacement of colliding clouds, (3) a presence of a bridging feature connecting the two clouds in velocity space, and (4) V-shaped structure in the position-velocity diagram. We therefore suggest that the high-mass stars corresponding to ten B0V-O7.5V types in M33GMC 37 were formed by cloud-cloud collisions. Further ALMA observations of M33 GMCs will allow us to study high-mass star formation via the cloudcloud collisions in the spiral galaxy, the results of which can be directly compared with that of the Milky Way and Magellanic Clouds.
Conclusion
In the present study, we carried out new CO(J = 2-1) and continuum observations of M33GMC 37 using ALMA with the angular resolution of ∼ 0. ′′ 5, corresponding to the spatial resolution of ∼ 2 pc at the distance of M33. We revealed two individual molecular clouds with a velocity separation of ∼ 6 km s −1 that are associated with up to ∼ 10 high-mass stars having the spectral types of B0V-O7.5V. The two molecular clouds show complementary spatial distribution with the spatial displacement of ∼ 3.5 pc. The intermediate velocity component of the two clouds as the V-shaped structure in the position-velocity diagram is also detected. We propose a possible scenario that the high-mass stars in M33GMC 37 were formed by cloud-cloud collisions approximately 0.5 Myr ago.
